ABSTRACT We have demonstrated that alkaline phosphatase activity and collagen synthesis are dose-dependently stimulated by ascorbic acid in differentiated pig osteoblasts. In this study we further examined the relationship between ascorbic acid and bone metabolism by feeding young pigs large amounts of ascorbic acid. Three groups of seven 47-d-old pigs were given no ascorbic acid supplement (control), 500 (500 AA) or 1000 (1000 AA) mg ascorbic acid/kg diet for 4 mo. Calcium and P absorption and retention were evaluated by a 14-d balance trial immediately before killing in control and 1000 AA groups only (n Å 6). Bones were collected at death and the bone ash and bending moment (three-point bending test) determined. Various plasma and urine indices of bone metabolism, especially those reflecting collagen degradation (hydroxyproline, deoxypyridinoline) and synthesis (carboxyterminal propeptide of type I collagen) were monitored. The plasma ascorbic acid concentrations increased with time and paralleled the dietary concentrations (P õ 0.01). The Ca and P balances and the bone ash and bending moments in the ascorbic acid-supplemented pigs did not differ from those of the controls. Plasma osteocalcin was elevated (P õ 0.05), whereas the other bone formation markers, alkaline phosphatase and carboxy terminal propeptide of type I collagen, were not affected by ascorbic acid. The plasma concentrations of Ca, P and 1,25-dihydroxycholecalciferol did not differ among the three groups. The unaffected urinary excretion of deoxypyridinoline and hydroxyproline in the ascorbic acid-supplemented pigs indicates that ascorbic acid does not alter bone resorption. Thus, high intakes of ascorbic acid have no positive influence on bone metabolism and bone characteristics in pigs. The in vivo long-term effects do not correlate with the short-term in vitro effects previously reported.
There is considerable evidence (Franceschi 1992 ) that centrations and increased bone strength when fed diets suppleascorbic acid is essential for type I collagen matrix synthesis, mented with ascorbic acid. The calcification of cultured fetal alkaline phosphatase activity, osteocalcin accumulation and rat bones is not affected by ascorbic acid deficiency, but their matrix mineralization in osteoblast cultures. Ascorbic acid also dry weights and collagen contents are decreased (Chen and stimulates bone cell proliferation in culture (Franceschi 1992) . Raisz 1975) . Osteogenic disorder rats (ODS rats) are genetically vitamin C deficient, and the bone formation variables We previously demonstrated that ascorbic acid alters the alkaestimated by histomorphometry are decreased, whereas bone line phosphatase activity and the collagen synthesis of bone resorption in femurs is reduced (Tsunenari et al. 1991) . A cells isolated from pigs, which do not require vitamin C (Denis recent clinical study showed that dietary ascorbic acid was et al. 1994) . Although it is known that bone disorders in positively associated with forearm bone mineral density in vitamin C-deficient animals are cured by administration of children and adolescents (Gunnes and Lehmann 1995) . Divitamin C, the effects of ascorbic acid supplementation on etary ascorbic acid supplements do not affect the growth rate bone metabolism in vivo are not known. Guinea pigs are sensiof grower-finisher pigs (Cromwell et al. 1970, Mahan et al. tive to ascorbic acid deficiency and have reduced femur cal-1994, Nakano et al. 1983 ) but may slightly improve the growth cium and hydroxyproline contents when fed a low ascorbic rate and/or feed efficiency in weanling pigs (Mahan and Saif acid diet (Tsuchiya and Bates 1994) . Mineral density, assessed 1983 , Yen and Pond 1981 . Pigs can synby densitometry, and bone volume, assessed by histomorphothesize vitamin C from birth (Braude et al. 1950 ) and accumumetry, of the femurs of scorbutic guinea pigs are also decreased late ascorbic acid when fed a high ascorbic acid diet (Mahan (Kipp et al. 1996) . Weiser et al. (1992) reported that chicks, et al. 1994 , Nakano et al. 1983 , Yen and Pond 1981 . There another species not requiring vitamin C, had elevated plasma are presently no recommendations for vitamin C intakes for 1,25-dihydroxycholecalciferol and duodenal calbindin conpigs (National Research Council 1988) . We examined the relationship between ascorbic acid and bone metabolism by 1 Supported by the AIP ''Nutri-â ge'' from INRA, managed by G. Pascal.
feeding young pigs large amounts of ascorbic acid. Because it
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ance study. immediately before killing. The balance was performed on six control
TABLE 1
pigs and six 1000AA pigs kept in individual cages as described (Pointillart et al. 1995) . At time of death, the tibia and main metatarsals Diet composition (fingers III and IV) were removed to determine the bending moment, ash content (metatarsals only) and apparent density (weight/volume,
Diet ingredient Amount
tibias only) (Pointillart et al. 1995) . Hydroxyproline was used as a marker of collagen degradation and measured in urine samples colg/kg lected during the balance trial (Pointillart et al. 1995 The plasma concentration of hydroxyproline, a marker of collagen degradation, was also determined on blood samples obtained at death.
% of diet
The plasma concentration of ascorbic acid was monitored in blood standard inhibition curve and that of serial dilutions of the porcine 2 Provided the following (mg/kg diet): Zn 105, Fe 100, Mn 42, Cu 10, I 0.6, Co 0.5, Se 0.1. Vitamins supplied (per kg diet); retinyl palmitate plasma were parallel). The total alkaline phosphatase (EC 3.1.3.1) 1500 mg, cholecalciferol 25 mg, niacin 10 mg, Ca-pantothenate 8 mg, activity was measured (method from Bessey et al. 1946) . We preall-rac-a-tocopheryl acetate 10 mg, thiamine-HCl 1 mg, riboflavin 3 viously found that it was correlated with the plasma bone isoenzyme mg, menadione 1 mg, folic acid 0.5 mg, cyanocobalamine 0.01 mg, activity in pigs (r Å 0.87, P õ 0.001; Pointillart et al. 1995) . Inorganic biotin 0.05 mg, choline chloride 0.5 g, L-ascorbic acid 0, 500 and 1000 P was measured by colorimetry (Chen et al. 1956 ). 1,25-Dihydroxymg for control, 500AA and 1000AA diets, respectively (added at the cholecalciferol was measured by radioreceptor assay using the kit expense of corn).
from Nichols Institute Diagnostics (San Juan Capistrano, CA) after extraction on modified C 18 OH columns; PICP was determined by
MATERIALS AND METHODS
radioimmunoassay (Orion Diagnostica, Espoo, Finland). The lowest concentration detected was 1.2 mg/L. The intra-and interassay coefAnimals and diets. Twenty-one 47-d-old male Large-White pigs ficients of variation were 3% and 5%, respectively. Plasma hydroxy-(Cepra, Vermenton, France), weighing 9.7 { 0.1 kg, were randomly proline was determined by colorimetry (Jaeschke 1975). Plasma and assigned to one of three groups: controls (no added ascorbic acid) dietary ascorbic acid were measured by colorimetry by the method of 500 mg ascorbic acid/kg diet (500 AA) 4 and 1000 mg ascorbic acid/ Omaye et al. (1979) . kg diet (1000 AA). All pigs were fed similar amounts of basal diet, Statistical analysis. Data were analyzed by using the General which consisted mainly of cereals and soybean meal formulated to Linear Models procedure of Abacus Concepts, SuperANOVA meet the requirements for growing pigs (INRA 1989) (Table 1) .
(1989). The Ca and P balance data were compared by Student's t These diets contained 17.8% protein (including 1.1% lysine) and test. The plasma ascorbic acid concentrations were analyzed by a two-13.8 MJ digestible energy/kg, 1% Ca, 0.66% P and 25 mg cholecalcifway ANOVA. There was no time 1 treatment interaction. For the erol/kg. Some pigs, especially those receiving the 1000 AA diet, had other variables, the differences among the three treatments were diarrhea at the beginning of the experiment. Thus, we incorporated analyzed by one-way ANOVA followed by a Newman-Keuls test 2% rice in all diets. Because some cases of diarrhea persisted, we (Snedecor and Cochran 1971) . The software used was Abacus Conincorporated (at the expense of corn) 5% rice, and all diarrhea cept, Super ANOVA (Abacus Concepts, Berkeley, CA, 1989). stopped. This diarrhea had no incidence on general health status as indicated by no differences among group in mean body weights. The RESULTS selected vitamin C supplementation levels were based on the findings of Yen and Pond (1981) and Mahan and Saif (1983) , who found no Ascorbic acid supplementation had no effect on the general The plasma ascorbic acid concentrations increased (P walls) and received equal amounts of foods. The diets were fed for 4 õ 0.001) with time in all three groups and were greater in mo. Pigs were stunned by electronarcosis and killed by exsanguinapigs supplemented with vitamin C (P õ 0.05). (Fig. 1 Supplementing the basal diet with 1000 mg ascorbic acid/ Balance study and bone measurements. The apparent Ca and P absorptions and retentions were evaluated in a 14-d balance trial kg diet did not alter Ca and P absorption or retention ( Table  2) . Urinary excretion of deoxypyridinoline did not differ among groups (19 { 3, 22 { 2 and 22 { 2 nmol/mmol creati-4 Abbreviations used: PICP, carboxyterminal propeptide of type I collagen; nine for controls 500 AA and 1000 AA pigs, respectively).
1,25(OH)2D3, 1,25-dihydroxycholecalciferol; BGP, osteocalcin; 500AA and 1000AA, diets containing 500 and 1000 mg ascorbic acid/kg, respectively.
Similarly, the urinary excretion of hydroxyproline was unaf-/ 4w25$$0010 07-03-97 10:30:43 nutra LP: J Nut August [hydroxyproline, deoxypyridinoline and carboxyterminal peptide of type I collagen (PICP)]. The ascorbic acid concentrations of the three diets were 116 mg ascorbic acid/kg for the fected (3.7 { 0.8, and 4.2 { 0.7 mmol/mmol creatinine in the control diet, 605 mg/kg for the 500 AA diet and 1128 mg/kg controls and 1000 AA pigs, respectively).
for the 1000 AA diet, indicating that the basal dietary ingrediAscorbic acid supplementation had no effect on plasma ents provided approximately 100 mg ascorbic acid/kg diet. This concentrations of calcium, inorganic P, 1,25(OH) 2 D 3 , PICP amount may be sufficient to optimize bone function and may or hydroxyproline ( Table 3) . The plasma total alkaline phosexplain why additional dietary ascorbic acid had no effect. phatase activity was unaffected by diet, but the BGP concenSome of the dietary ascorbic acid supplement was absorbed trations were elevated in both ascorbic acid-supplemented by the pigs, as demonstrated by the significant differences in groups (P õ 0.05). There was a significant correlation (r the plasma ascorbic acid concentrations. The 1000 AA pigs Å 0.80, P õ 0.01) between the plasma concentrations of had the highest plasma concentrations of ascorbic acid, which ascorbic acid and those of BGP in the three groups of pigs were similar to those observed in previous ascorbic acid supplethroughout the experiment. The plasma (y: mmol/L) and urimentation studies in pigs (up to 990 mg/kg diet) (Braude et nary (x: mmol/mmol creatinine) concentrations of hydroxyproal. 1950 , Nakano et al. 1983 , Yen and Pond line were correlated (y Å 11.44x / 29.6, r Å 0.89, P õ 0.01) 1981), although others have found a nonsignificant increase in in both the control and 1000 AA groups.
Ascorbic acid supplementation did not influence any of TABLE 4 the bone measurements, including mineral contents, apparent bone density, or bending moments (Table 4) . Weight, ash, density (Cromwell et al. 1970, Mahan and Saif data, were not influenced by the ascorbic acid supplements. This contrasts with early studies (Bourne 1972), but it is con-1983). The correlation (r Å 0.83-0.92) between the calculated ascorbic acid intakes and plasma ascorbic acid in each sistent with the unchanged bone characteristics in the ascorbic acid-supplemented pigs. of the three groups of pigs in this experiment may explain why plasma ascorbic acid increased with time, as previously None of the markers of collagen catabolism (urinary (and plasma) hydroxyproline and deoxypyridinoline) was modified reported (Cromwell et al. 1970) . Thus, the lack of change in the bone metabolism of ascorbic acid-supplemented pigs by the dietary ascorbic acid supplementation, indicating that bone resorption was unaltered. This does not support a link cannot be attributed to the lack of absorption of ascorbic acid.
Neither the direct measurements of bone health (ash conbetween ascorbic acid status and bone resorption as previously suggested by studies in vitamin C-deficient animals (Kipp et tents and bending moments) nor the biochemical markers of bone remodeling (alkaline phosphatase and PICP) suggest that al. 1996 al. , Tsunenari et al. 1991 . Some studies suggest that vitamin C interacts with vitamin high dietary ascorbic acid has a positive effect on bone formation in pigs of this age group. Although there was a significant D metabolism by protecting or stimulating renal 1a-hydroxylase activity (Cantatore and Carrozzo 1990, Sergeev et al. low correlation between plasma ascorbic acid and PICP (r Å 0.59), there was no difference between treated and untreated 1990, Weiser et al. 1992) , and the serum 25-hydroxycholecalciferol and 1,25(OH) 2 D 3 in scorbutic guinea pigs are lower groups for circulating levels of PICP, a marker of bone collagen synthesis.
than those of pair-fed controls (Kipp et al. 1996) . In contrast, Tsuchiya and Bates (1994) compared ascorbic acid-deficient Most of the effects of vitamin C on the mineral and hydroxyproline contents of bones have been described in animals and weight-matched ascorbic acid-replete guinea pigs and found that these changes in the vitamin D status (circulating that require vitamin C, such as guinea pigs (Bourne 1972 , Kipp et al. 1996 , Sergeev et al. 1990 Bates vitamin D metabolites, kidney 1a-hydroxylase) did not result from the vitamin C deficiency per se. The present data also 1994). An in vivo study on broiler chicks (Weiser et al. 1992) showed that ascorbic acid supplementation (200 mg/kg diet) do not support a link between ascorbic acid and vitamin D, because the plasma 1,25(OH) 2 D 3 concentrations in the improved the bone weight, ash and hydroxyproline contents and the breaking strength of bones, but the protocols used ascorbic acid-treated and untreated pigs did not differ.
In conclusion, high intakes of vitamin C, which is not a suggest that there was a synergistic effect of dietary vitamin D and ascorbic acid supplements, rather than an effect of ascorbic required dietary vitamin for pigs, have no positive effects on bone or on Ca and P balance. They also indicate that extrapoacid alone. Another in vivo study on genetically altered rats requiring vitamin C showed that bone formation and resorplation from in vitro results is questionable, because cultured pig osteoblasts respond to increasing ascorbic acid concentrations. tion, evaluated by histomorphometry, were greatly decreased by vitamin C deficiency and restored by adding vitamin C (Tsunenari et al. 1991) . Thus, there is direct evidence that a
